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Abstract 
Katrina Wilson (B.S. Chemistry and Biology) 
Synthesis and Ozonolysis of Silyl Enol Ethers 
Thesis Directed by Dr. David Soulsby 
 Silyl enol ethers are important synthetic intermediates that are used in a variety of 
reactions. The ozonolysis of silyl enol ethers to anomalous 1,2-dioxolane products has not yet 
been fully been explored. Though the synthesis of silyl enol ethers from aldehydes, ketones, and 
esters is relatively straightforward, the most commonly used methods still require air- or 
moisture-sensitive conditions and/or the use of toxic solvents. We have shown that silyl enol 
ethers can be easily synthesized from aldehydes and ketones under mild conditions and with a 
straightforward workup procedure in good to excellent yields. We ozonolyzed these silyl enol 
ethers to study their reactivity and found that unsubstituted and 1-substituted silyl enol ethers 
gave (3-alkyl)-3-silyloxy1,2-dioxolane products in excellent to moderate yields, respectively. 
However, alkyl substitution at the 2-position led to the formation of polymeric product. Finally, 
we investigated the reactions of these dioxolane products and found that they can undergo 
rearrangement to β-hydroxy esters via the addition of acid and diols via hydrogenation.
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Introduction 
1.1 Organic Synthesis 
 The discovery and development of new pharmacologically active drugs depends upon 
many fields: biology, chemistry, and the field at the interface of these two disciplines, 
biochemistry. Understanding how to isolate compounds from organisms, synthesize them, and 
develop the derivatives are all necessary components required to develop new treatments for 
disease. For example, without scientists, creative thinking, and even serendipity, the 
development of the first antibacterial molecules would never have occurred. And as the 
occurrence of drug-resistant bacteria continues to rise,1  and the current arsenal of antibiotics 
become less effective, new approaches will be required. Synthetic organic chemistry will play a 
pivotal role in this area by allowing for the possibility of fully synthetic routes to new antibiotic 
natural product platforms that are not yet accessible in current methodologies. The development 
of the first new antibacterial class of molecules in decades,1 alongside sources of new structural 
classes for biological testing and new building blocks for novel materials,2 are due to the power 
and flexibility of synthetic organic chemistry. 
Organic synthesis is concerned with the construction of organic molecules, often with 
specific compounds in mind, using one of two approaches; target oriented synthesis or methods 
oriented synthesis.3 In target oriented synthesis, also known as total synthesis, complex 
molecules are retrosynthetically disconnected to simpler starting materials by disconnecting 
bonds that can be formed using known reactions. However, not all bonds can be disconnected 
and reformed because the chemistry for those connections simply doesn’t exist. In methods 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  Myers, A. G., Wright, P. M., and Seiple, I. B., The Evolving Role of Chemical Synthesis in Antibacterial Drug 
Discovery; Angew. Chem Int. Ed. 2014, 53, 8840-8869 	  2	  Sunjic, V., Parnham, M.J.	  Signposts to Chiral Drugs Organic Synthesis in Action; Springer: Basel. 2011. p 1-4.	  3	  Nicolaou, K.C., Sorensen, E. J. Classics in Total Synthesis; VCH: Weinheim, 1996. p 1-17. 	  
	  	  
	  
2	  
oriented synthesis, or synthetic methodology, the focus is on the improvement and development 
of new synthetic reactions, reagents, and catalysts that can be used to construct new bonds or 
improve on known process through increased efficiencies (e.g., yield, regio-, enantio-, and 
diasteroselectivity, etc.). Improvements made in this field can be directly applied towards the 
synthesis of more complex targets, opening up new pathways and potentially allowing the 
synthesis of new physiologically important compounds that can cure or treat disease. As such, 
this study focuses on the method development, specifically explaining the synthesis and 
ozonolysis of silyl enol ethers. 
1.2 Structures and Synthesis of Silyl Enol Ethers 
Silyl enol ethers are an important class of molecules that have found widespread use in 
organic synthesis, Figure 1.4 
 
 
 
Figure 1: The Generic Structure of a Silyl Enol Ether (R=alkyl)  
They are comprised of an alkene with an oxygen bonded to a silyl group, with the alkene being 
mono-, di-, or tri-substituted. Silyl enol ethers can be regarded as protected enolates; with the 
stability of the silyl enol ethers heavily influenced by the alkyl R groups that are bonded to the 
silicon. Silyl enol ethers with less bulky groups, such as trimethyl, are quite labile and are very 
sensitive to acid and base. Bulkier groups, such as tert-butyldimethyl or triisopropyl, are 
significantly more stable to harsh conditions.  
 The most frequently employed method for synthesizing silyl enol ether is to deprotonate 
an aldehyde or ketone, trapping the resulting enolate ion with a trialkylsilyl chloride.5 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  4	  Weber, W. Silicon Reagents for Organic Synthesis; Springer-Verlag: Berlin, 1983. p 206-224. 
OSiR3
1
	  	  
	  
3	  
Trialkylsilyl chlorides were developed in the 60’s as protecting groups for acidic hydrogen 
containing functionalities, e.g., alcohols, amines, etc.2  
When a strong bulky base, such as lithium diisopropylamide (LDA) or lithium 
bis(trimethylsilyl)amide (LHMDS), is used to irreversibly deprotonate the least hindered α-
hydrogen atom this is called a kinetic approach (pathway 1, kinetic control, Figure 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Kinetic Versus Thermodynamic Silyl Enol Ether Formation of 2-methylcyclohexanone 
Reaction Energy Diagram  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  5	  Colvin, E. Silicon in Organic Synthesis; Butterworths: London, 1981. P 198-205.	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4	  
Removal of the least hindered hydrogen typically leads to the formation of the least substituted 
enolate, which is slightly higher in energy than the more substituted enolate. This enolate then 
reacts with the trialkylsilyl chloride to generate a silyl enol ether. When a weaker base is used, 
deprotonation is now reversible and an equilibrium is established between both enolates. Given 
sufficient time, the equilibrium will favor the most stable enolate, leading to the thermodynamic 
product (pathway 2, thermodynamic control Figure 2). 
While the rate determining step is depedent on the formation of the enolate, the second 
step, the rate of addition of the silylating reagent, varies based upon the steric bulk of the R 
groups on the silicon, Figure 3.	   
 
 	   
 
 
 
Figure 3. Addition of Silylating Agent via SN2 Mechanism, (R=alkyl)  
Since the reaction proceeds through an SN2 mechanism, where the enolate attacks the silicon and 
pushes out the leaving group, the rate of the reaction can be increased by making the enolate 
more nucleophilic (e.g., LDA, LHMDS, etc.) or by using a silylating reactant with a better 
leaving group. When the enolate is strongly nucleophilic (i.e., it has been formed irreversibly), 
even the most hindered silylating reagent are easily added. However, when weaker bases are 
used, the nature of the leaving group plays an increasingly important role, particularly as the 
steric bulk of the silyl group increases.  
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5	  
 In addition to using chloroalkylsilanes as reagents, there are several less common 
methods to synthesizing silyl enol ethers, and many are only appropriate to certain substrates, 
Figure 4.  
 
 
 
 
 
 
 
 
Figure 4. Synthesis of Silyl Enol Ethers Regiospecifically. 
These methods include metal-catalyzed dehydrogenative silyation with Rh, Co, and Ru,6 
capturing an enolate formed in a nucleophilic conjugate alkylation,7 and Brooks rearrangement,8 
Figure 4. The use of rhodium-catalysed hydrosilation to generate silyl enol ethers occurs 
regiospecifically, affecting only conjugated double bonds with asymmetric induction at the β-
carbon with the use of chiral catalysts. Trapping the enolate ion formed from a cyclic α,β-
unsaturated ketone by conjugate alkylation also allows for the formation of regriospecific silyl 
enol ethers. Lastly, a Brooks rearrangement of the appropriate substrates can result in the 
stereoselective preparation of silyl enol ethers.   
 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  6	  Hayashi, T., Yamomoto, K. and Kumada, M.; Tetrahedron Lett. 1975, 3, 43.	  7	  Boeckman, R. K. J. Am.chem. Soc. 1974, 96, 6179; for other examples see Patterson, J. W. and Friend, J. H. J. 
org. Chem. 1974, 39, 2056; Stopper, P. L. and Hill, K. A., J. org. Chem. 1973, 38, 2576.	  8	  Slutsky, J. and Kwart, H. J. Am. Chem. Soc. 1973, 95, 8678.	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1.3 Synthetic Applications of Silyl Enol Ethers 
 Since silyl enol ethers can be regarded as protected enolates, since they have a similar, 
but diminished, nucleophilic character. The electron-donating nature of the oxygen atom places a 
high degree of electron density on the distal carbon.2 However, since they are neutral species, 
they are less reactive, and in some cases a Lewis acid is needed to increase the electrophilicity of 
the reagent in order to accelerate reaction with the silyl enol ether. Because silyl enol ethers are 
versatile and quite stable, they can be used in a variety of synthetic reactions, some of which take 
advantage of the enolate character of the silyl enol ether, while others take advantage of the 
carbon-carbon double bond, Figure 5.4,9  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Reactions of Silyl Enol Ethers 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
9 Kobayashi, S., Manabe, K., Ishitani, H., Matsuo, J. I. Synthesis of Silyl Enol Ethers of Aldehydes and Ketones.  
Science of Synthesis, 2014, 4.4.16, 317-321. 
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7	  
Hydroboration, alkyl addition, oxidation, and bromination are a few of the examples that utilize 
the carbon-carbon double bond, while deprotection of the oxygen with the use of a strong base 
allows for the utilization of the enolate in subsequent reactions. Silyl enol ethers have also been 
shown to undergo [4+2]-cycloadditions, reacting as an alkene, Figure 6.10 
 
 
 
 
Figure 6. Acid-Catalyzed Diels-Alder Reaction with Silyl Enol Ethers 
In the above reaction, a cycloaddition of the silyloxydiene 25 with 1-acetyl-2- 
methylcyclopentene 26 using a 10:1 mixture of a Lewis acid system afforded an 88% yield of 27 
6:1 mixture of the stereoisomers. While silyl enol ethers have been used in an array of reaction, 
the ozonolysis of these substrates has not been well studied. 
1.4 Ozonolysis of Alkenes 
 Ozonolysis is a powerful reaction that utilizes ozone’s electrophilic and strong oxidizing 
characteristics to produce a variety of functional groups from alkene-containing compounds, 
Figure 7.11,12  
  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  10	  Jung, M. E.; Ho, D.; and Chu, H. V. Synthesis of Highly Substituted Cyclohexenes via Mixed Lewis Acid-
Catalyzed Diels-Alder Reactions of Highly Substituted Dienes and Dienophiles. Org. Lett., 2005, 7-8, 1649-1651.	  
11 McMurry, J. Organic Chemistry, 8th ed. Brooks/Cole Cengage Learning: Belmont, CA, 2012, p 234-235. 12	  Criegee, R. V. Mechanism of Ozonolysis. Angew. Chem. 1975, 87(21), 765-771.	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8	  
 
 
 
 
 
 
 
Figure 7: Criegee Mechanism of Ozonolysis 
It begins with a [3+2] cycloaddition of ozone to the alkene 28 to generate a primary ozonide 29. 
This unstable intermediate then undergoes rapid cycloreversion to generate a carbonyl 30 and 
carbonyl oxide 31. In most cases, the carbonyl oxide 31 and carbonyl 30 undergo a second [3+2] 
cycloaddition reaction to form a more stable secondary ozonide 32.  
 Since the secondary ozonide 32 can be very unstable, it is typically reacted in situ with 
reducing or oxidizing reagents to generate aldehydes, alcohols, carboxylic acids, or ketones, 
Figure 8.11 
 
 
 
 
 
Figure 8: Ozonolysis Workup of Alkenes  
By varying the workup conditions, a variety of products can be generated. The presence of one R 
group on the end of the secondary ozonide yields a carboxylic acid when reacted with hydrogen 
peroxide or KMnO4. If there are two R groups present then oxidative workup results in ketones. 
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A reductive workup with zinc/acetic acid or dimethyl sulfide (DMS) produces combinations of 
aldehydes and ketones. Exhaustive reductive workups with NaBH4 yields exclusively alcohols.11 
While ozonolysis is most commonly used to cleave alkenes, it is not limited to such 
reactions. Ozone has been shown to react with other compounds such as benzyl ethers, and 
nitronate anions, Figure 9.13,14  
 
 
 
 
 
 
Figure 9. Ozonolysis of Benzyl Ether, Nitronate Anion, and Vinyl ether.  
Ozonolysis of benzyl ether 40 affords high yields of benzoate ester 41 while cleavage of the 
nitronate anion 42 with ozone provides the corresponding ketone 43. These oxidative 
transformation reactions provide interesting methods for introducing basic functional groups. 
 
1.5 Ozonolysis of Enol Ethers 
In 1985, Keul, et al. reported on the ozonolysis of enol ethers (vinyl ethers).14 They 
expected that they would react with ozone in an analogous fashion to alkenes, generating 
products similar to those in Figure 7. Unexpectedly, the main product of the reaction wasn’t a 
secondary ozonide, but rather a 1,2-dioxolane, 49, Figure 10.  
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  13	  Van Ornum, S. G.; Chempeau, R. M.; Pariza, R. Ozonolysis Application in Drug Synthesis. 
Chemical Reviews, 2006, 106, 2990-3001.	  14	  Keul, H.; Choi, H-S.; Kuczkowski, R. L. Ozonolysis of Enol Ethers: Formation of 3-Alkoxy-1,2-dioxolanes by 
Concerted Addition of a Carbonyl Oxide to an Enol Ether. J. Org. Chem. 1985, 50, 3365-3371.	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Figure 10: Ozonolysis Reaction of Enol Ether 
Ozonolysis of the ethyl vinyl ether 44 gives the expected primary ozonide 45. The primary 
ozonide 45 then undergoes a cycloreversion to generate a carbonyl oxide 46 and a formate ester 
47. During the reaction the starting material, ethyl vinyl ether 44, the carbonyl oxide 46, and the 
formate ester 47 are all present, and a typical reaction would proceed via a [3+2] cycloaddition 
of the carbonyl oxide 46 and formate ester 47 to form the expected secondary ozonide 48. 
However, in this case, the secondary ozonide 48 only accounted for 3.5% of their yield. Instead, 
what they observed, almost exclusively, was the formation of 3-ethoxy-1,2-dioxolane 49.  
Through further experiments, Keul et al. showed that this process occurs via the 
mechanism shown in Figure 11.  
 
 
 
 
 
Figure 11: Mechanism of Ozonolysis of Enol Ether 
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The initial formation of the carbonyl oxide 46 and the formate ester 47 occurs as expected, 
however, instead of the carbonyl oxide 46 reacting with formate ester 47, a poor dipolarophile, 
the carbonyl oxide 46 reacts preferentially with the starting material, ethyl vinyl ether 44, to 
generate 3-ethoxy-1,2-dioxolane 49 in 39% yield. However, since half of the starting material is 
used to react with the carbonyl oxide the maximum yield cannot exceed 50% yield. 
 
1.6 Ozonolysis of Silyl Enol Ethers 
Silyl enol ethers are structurally related to enol ethers, but there have been very few 
reports on the ozonolysis of these molecules, Figure 12.  
  
 
 
 
 
 
Figure 12: Ozonolysis of Silyl Enol Ethers 
Work by Padwa et al., and Momose et al., demonstrated that di-substituted silyl enol ethers 
ozonolyze in manner similar to alkenes, cleaving to generate aldehydes and carboxylic acids. 15,16 
In both reactions, ozone cleaves at the alkene and the TMS group is replaced with an OH group 
to give a carboxylic acid, with the other carbon from the double bond forming an aldehyde. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  15	  Padwa, A., Brodney, M. A., Marino, J. P., and Sheehan, S. M. Utilization of the Intramolecular Cycloaddition-
Cationic π-Cyclization of an Isomünchnone Derivative for the Synthesis of (+)-Lycopodine†. J. Org. Chem. 1997, 
62, 78-87. 
16 Momose, T., Toshima, M., Toyooka, N., Hirai, Y., and Eugster, C. H. C. H. Bicyclo[3.3.1]nonanes as synthetic 
intermediates. Part 19.1 Asymmetric cleavage of ù-a9abicyclo[3.n.1]alkan-3-ones at the ‘fork head’. J. Chem. Soc., 
Perkin Trans. 1997, 1307-1313.	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However, since silyl enol ethers are structurally and electronically related to vinyl ethers, it 
might be possible under certain circumstances, for anomalous reactions that generate 1,2-
dioxolanes to occur.6,7 
In 1992, Casey and Culshaw reported on the ozonolysis of a silyl enol ether generated 
from citronellal to generate a 1,2-dioxolane product, Figure 13.17  
 
 
 
Figure 13: Ozonolysis of Silyl Enol Ether Through Intramolecular Cycloaddition 
In this case, intramolecular trapping of the carbonyl oxide 56 results from the ozonolytic 
cleavage of the alkene 54. The carbonyl oxide 56 undergoes an intramolecular [3+2] 
cycloaddition at the tri-substituted alkene to generate a 1,2-dioxolane 57. Analogous to the 
ozonolysis of enol ethers, the silyl formate ester 55 that is generated after cycloreversion, is a 
poor dipolarophile as compared to the trisubstituted alkene, and does not participate in the 
reaction. Casey and Culshaw did not investigate the intermolecular variant of this reaction.  
Building upon the work of Keul et al. and Casey and Culshaw, French (University of 
Redlands, 2014) synthesized the simplest silyl enol ether from acetaldehyde and demonstrated 
for the first time that the ozonolysis of an unsubstituted silyl enol ether can undergo 
intermolecular cycloaddition reactions to generate 3-silyloxy-1,2-dioxolane products in excellent 
yield, Figure 14. 
 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  17	  Casey, M.; Culshaw, A. J. Cycloadditions of Carbonyl Oxides: A Novel Stereoselective Approach to 1,3-Diols. 
Synlett. 1992, 3, 214-216.	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Figure 14. Proposed Mechanism for the Ozonolysis of Silyl Enol Ethers 
  French proposed that as expected, the ozone reacts first with the alkene 58, undergoing a 
[3+2] cycloaddition to form the primary ozonide 59. The ozonide 59 performs a cycloreversion 
to form the expected carbonyl oxide 60 and silylated formate ester 61. Similar to the mechanism 
of enol ethers, the formate ester 61 is a poor dipolarophile, causing the carbonyl oxide 60 to react 
with the starting material 58 instead. The reaction proceeds to form a 3-alkoxy-1,2-dioxolane 62. 
French’s research demonstrated that silyl enol ethers do indeed undergo a similar intermolecular 
reaction to enol ethers as reported by Keul et al.10,18 
Herein, we describe the development and optimization of mild approaches towards the 
synthesis of silyl enol ethers that do not require air- or moisture-sensitive conditions. 
Furthermore, we have extended the scope of the ozonolysis reaction that was first demonstrated 
by French, to more complex silyl enol ethers, giving us a better understanding of the scope of the 
reaction. Finally, we have shown that these dioxolane products can undergo acid-catalyzed 
rearrangements and reduction to generate novel products. In combination, the improved 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  18	  Debbie	  French.	  An	  Investigation	  of	  Intramolecular	  and	  Intermolecular	  Cycloaddition	  Reactions	  of	  Carbonyl	  Oxides.	  Undergraduate	  Thesis,	  University	  of	  Redlands,	  2014,	  32-­‐36.	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synthesis and development of the ozonolysis of silyl enol ethers could allow for new approaches 
to an array of physiologically important compounds. 	  
	  
2.	  Experimental	  Design 
	   All glassware used was oven-dried before use. All reagents and solvents were distilled 
from calcium hydride prior to use, excluding TBDMSCl and TIPSOTf. Ozonolysis was 
performed using a Pacific Ozone Technologies Ozone Generator set at 10 SCFH O2 (except 
where stated). Reaction completion was monitored via addition and subsequent decolorization of 
two drops of a 0.1% Sudan 7B indicator in dichloromethane solution. All products were 
characterized using 1H NMR spectroscopy at 400MHz and were referenced to TMS at 0 ppm. 
 
2.1 Optimization of synthesis of silyl enol ethers from aldehydes 
 
2.11 (Tert-butyldimethylsilyloxy)ethene  
 
 
Pentane (22mL, 0.5M), acetaldehyde (637µL, 11.351mmol, 1 equivalent), and tert-
butyldimethylsilyl chloride (1.764g, 1 equivalents) were added to an oven-dried round bottom 
flask equipped with a magnetic stir-bar. The reaction was cooled to 0ºC then DBU (1.91mL, 1.1 
equivalents) was added with vigorous stirring at room temperature for 24h. The product was then 
filtered through a pad of silica gel, further eluted with (3x25mL) pentane, and concentrated in 
vacuo to produce a colorless liquid (1.1183g, 62% yield). 
 
 
 
 
O
H OTBDMS
TBDMSCl, DBU
Pentane 24h, rt
63 64
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(Tert-butyldimethylsilyloxy)ethene 
1H NMR (CDCl3, 400 MHz) 6.4 (dd, 1H, Jab = 5.9, Jac = 5.4 Hz), 4.4 (d, 1 H, J = 13.7 Hz), 4.1 
(d,1 H, J = 5.9 Hz), 0.9 (s, 9H), 0.2 (s, 6H) [File: DPS7-54-final] 
 
2.12 (Tert-butyldimethylsilyloxy)ethene 
 
 
Dimethylformamide (DMF) (11mL, 1M), acetaldehyde (637µL, 11.351mmol, 1 
equivalent), and tertbutyldimethylsilyl chloride (2.12g, 1.2 equivalents) were added to an oven-
dried round bottom flask equipped with a magnetic stir-bar. DBU was added (1.91mL, 1.1 
equivalents) with vigorous stirring at room temperature for 4h. The product was diluted with 
pentane (50mL) and washed with water (5x25mL). The organic layer was dried with MgSO4, 
filtered through a pad of silica gel and further eluted with 150mL of pentane, then concentrated 
in vacuo to yield the product (1.5278g, 85% yield). 
 
(tert-butyldimethylsilyloxy)ethene 
1H NMR (CDCl3, 400 MHz) 6.4 (dd, 1H, Jab = 5.9, Jac = 5.4 Hz), 4.4 (d, 1 H, J = 13.7 Hz), 4.1 
(d,1 H, J = 5.9 Hz), 0.9 (s, 9H), 0.2 (s, 6H) [File: DPS7-70-1] 
 
2.13 (Triisopropylsilysilyloxy)ethene 
 
 
 
Dimethylformamide (DMF) (11mL, 1M), acetaldehyde (637µL, 11.351mmol, 1 
equivalent), and triisopropylsilyl chloride (3.00mL, 1.2 equivalents) were added to an oven-dried 
O
H OTBDMS
TBDMSCl, DBU
DMF 4h, rt
63 64
O
H OTIPS
TIPSCl, DBU
DMF 1h, rt
63 65
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round bottom flask equipped with a magnetic stir-bar. DBU was added (2.6mL, 1.5 equivalents) 
with vigorous stirring at room temperature for 1h. The product was diluted with pentane (50mL) 
and washed with water (5x25mL). The organic layer was dried with MgSO4, filtered through a 
pad of silica gel and further eluted with 150mL of pentane, then concentrated in vacuo to yield 
the product (2.1260g, 95% yield). 
 
(Triisopropylsilysilyloxy)ethene 
1H NMR (CDCl3, 400 MHz) 6.5 (dd, 1H, Jab = 5.9, Jac = 5.4 Hz), 4.4 (d, 1 H, J = 13.7 Hz), 4.1 
(d,1 H, J = 5.9 Hz), 1.1 (s, 18H). [File: DPS7-71] 
 
2.14 (Tert-butyldimethylsilyloxy)propene 
 
 
 
Pentane (17mL, 0.5M), propanal (621µL, 8.609mmol, 1 equivalent), and 
tertbutyldimethylsilyl chloride (1.34g, 1 equivalents) were added to an oven-dried round bottom 
flask equipped with a magnetic stir-bar. DBU was added (1.44mL, 1.1 equivalents) with 
vigorous stirring at room temperature under nitrogen for 48h. The product diluted with pentane 
(20mL) and washed with water (5x5mL). The organic layer was dried with MgSO4 and then 
filtered through a pad of silica gel and further eluted with (3x25mL) pentane, then concentrated 
in vacuo to yield a colorless oil.	  The product was formed as a 2:1 ratio of cis:trans isomers 
(0.7098g, 48% yield). 
 
 
 
 
 
O
H OTBDMS
TBDMSCl, DBU
Pentane 48h, rt OTBDMS
+
66 67 68
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(Tert-butyldimethylsilyloxy)propene 
1H NMR (CDCl3, 400 MHz) 6.2 (d, 1H-trans), 6.1 (d, 1H-cis), 4.9 (t, 1H-trans), 4.5 (t, 1H-cis), 
1.6 (d, 2H-trans), 1.5 (d, 2H-cis), 0,9 (s, 9H), 0.1 (s, 6H) [File: DPS7-53-1] 
 
 
2.15 (Tert-butyldimethylsilyloxy)propene  
 
 
Dimethylformamide (DMF) (17.2mL, 0.2M), propanal (248µL, 3.44mmol, 1 equivalent), 
and tertbutyldimethylsilyl chloride (1.07g, 2 equivalents) were added to an oven-dried round 
bottom flask equipped with a magnetic stir-bar. DBU was added (767µL, 1.5 equivalents) with 
vigorous stirring at room temperature for 4h. The product was diluted with pentane (20mL) and 
washed with water (5x5mL). The organic layer was dried with MgSO4, filtered through a pad of 
silica gel and further eluted with 150mL of pentane, then concentrated in vacuo to yield the 
product (0.4833g, 82% yield). 
 
(Tert-butyldimethylsilyloxy)propene 
1H NMR (CDCl3, 400 MHz) 6.2 (d, 1H-trans), 6.1 (d, 1H-cis), 4.9 (t, 1H-trans), 4.5 (t, 1H-cis), 
1.6 (d, 2H-trans), 1.5 (d, 2H-cis), 0,9 (s, 9H), 0.1 (s, 6H) [File: KW-43] 
 
2.16 (Tert-butyldimethylsilyloxy)butylene 
 
 
 
Dimethylformamide (DMF) (14mL, 0.2M), butanal (250µL, 2.77mmol, 1 equivalent), 
tertbutyldimethylsilyl chloride (861mg, 2 equivalents), and DBU (634µL, 1.5 equivalents) were 
O
H OTBDMS
TBDMSCl, DBU
DMF 4h, rt OTBDMS
+
66 67 68
O
H OTBDMSTBDMSCl, DBUDMF, 2h, rt OTBDMS
+
69 70 71
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added to an oven-dried round bottom flask equipped with a magnetic stir-bar. The reaction was 
vigorously stirred at room temperature for 2h. The progress of the reaction was monitored by tlc 
and appeared finished at 1hr. The product was diluted with pentane (20mL) and washed with 
water (5x5mL). The organic layer was dried with MgSO4, filtered through a pad of silica gel and 
further eluted with 100mL of pentane, then concentrated in vacuo to yield the product (0.5144g, 
99% yield). 
 
(Tert-butyldimethylsilyloxy)butene 
1H NMR (CDCl3, 400 MHz) 6.2 (d, 1H-trans), 6.1 (d, 1H-cis), 5.0 (t, 1H-trans), 4.4 (t, 1H-cis), 
12.1 (q, 2H-trans), 1.9 (q, 2H-cis), 0.9 (d, 6H) 0.9 (s, 9H), 0.1 (s, 6H) [File: KW-47]  
 
2.17 3-phenyl(tert-butyldimethylsilyloxy)propene 
 
 
 
Pentane (5mL, 0.4M), 3-phenylpropanal (245µL, 1.863mmol, 1 equivalent), 
tertbutyldimethylsilyl chloride (304mg, 1.05 equivalents), and DBU (426µL, 1.5 equivalents) 
were added to an oven-dried round bottom flask equipped with a magnetic stir-bar. The reaction 
was vigorously stirred at room temperature for 24h until the starting material was no longer seen 
by tlc. The product was diluted with pentane (10mL) and filtered through a pad of silica gel and 
further eluted with 100mL of pentane, then concentrated in vacuo to yield the product (386mg, 
83% yield). 
 
 
 
 
O
H OTBDMS
TBDMSCl, DBU
Pentane 24h, rt OTBDMS+
72 73 74
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3-phenyl(tert-butyldimethylsilyloxy)propene 
1H NMR (CDCl3, 400 MHz) 7.3 (d, 2H), 7.2 (t, 2H), 7.1 (t, 1H), 6.4 (d, 1H-cis), 6.3 (d, 1H-
trans), 5.2 (t, 1H-cis), 4.7 (t, 3H-trans), 3.4 (d, 1H-cis), 3.2 (d, 1H-trans), 0.9 (s, 9H), 0.1 (s, 6H)  
[File: DPS7-43/45]*  
 
2.18 3,7-dimethyl-1-(tert-butyldimethylsilyloxy)-1,6-octadiene 
 
Pentane (6.5mL, 0.5M), citronellal (587µL, 3.241mmol, 1 equivalent), and 
tertbutyldimethylsilyl chloride (519mg, 1.03 equivalents) were added to an oven-dried round 
bottom flask equipped with a magnetic stir-bar. DBU was added (544µL, 1.2 equivalents) with 
vigorous stirring at room temperature for 24h. The product was diluted with pentane (10mL) and 
filtered through a pad of silica gel and further eluted with 75mL of pentane, then concentrated in 
vacuo to yield the product (0.7703g, 89% yield). 
 
(Tert-butyldimethylsilyloxy)citronellal 
1H NMR (CDCl3, 400 MHz) 6.2 (d, 1H-trans), 6.1 (d, 1H-cis), 5.1 (t, 1H), 4.8 (t, 1H-trans), 4.2 
(t, 1H-cis), 1.9 (t, 1H), 1.7 (s, 3H), 1.6 (s, 3H), 1.5 (t, 3H), 1.2 (t, 2H), 0.9 (s, 9H), 0.1 (s, 6H)  
[File: DPS7-24-1] 
 
 
 
 
 
 
 
 
 
O
OTBDMSTBDMSCL, DBU
Pentane 24h, rt
H
OTBDMS
+
75 76 77
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2.19 3,7-dimethyl-1-(tert-butyldimethylsilyloxy)-1,6-octadiene 
 
 
Dimethylformamide (DMF) (6.5mL, 0.2M), citronellal (233µL, 1.29mmol, 1 equivalent), 
and tertbutyldimethylsilyl chloride (400mg, 2 equivalents) were added to an oven-dried round 
bottom flask equipped with a magnetic stir-bar. DBU was added (295µL, 1.5 equivalents) with 
vigorous stirring at room temperature for 3h. The progress of the reaction was monitored by tlc. 
The product was diluted with pentane (20mL) and washed with water (5x5mL). The organic 
layer was dried with MgSO4, filtered through a pad of silica gel and further eluted with 100mL 
of pentane, then concentrated in vacuo to yield the product (0.3185g, 92% yield). 
 
 
(Tert-butyldimethylsilyloxy)citronellal 
1H NMR (CDCl3, 400 MHz) 6.2 (d, 1H-trans), 6.1 (d, 1H-cis), 5.1 (t, 1H), 4.8 (t, 1H-trans), 4.2 
(t, 1H-cis), 1.9 (t, 1H), 1.7 (s, 3H), 1.6 (s, 3H), 1.5 (t, 3H), 1.2 (t, 2H), 0.9 (s, 9H), 0.1 (s, 6H)  
[File: KW-42]  
 
2.2 Optimization of synthesis of silyl enol ethers from ketones 
2.21 1-(tert-butyldimethylsilyloxy)-cyclohexene  
 
 
 
Pentane (10mL, 0.5M), cyclohexanone (228µL, 5.095mmol, 1 equivalent), and 
tertbutyldimethylsilyl chloride (815mg, 1.03 equivalents) were added to an oven-dried round 
O OTBDMS
TBDMSCl, DBU
Pentane 24h, rt
78 79
O
OTBDMSTBDMSCL, DBU
DMF 3h, rt
H
OTBDMS
+
75 76 77
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bottom flask equipped with a magnetic stir-bar. DBU was added (855µL, 1.1 equivalents) with 
vigorous stirring. The reaction stirred at room temperature for 24h. The product was diluted with 
pentane (5mL) and filtered through a pad of silica gel and further eluted with 75mL of pentane, 
then concentrated in vacuo. NMR showed no products, no reaction occurred. 
 
1-(tert-butyldimethylsilyloxy)-cyclohexene  
1H NMR (CDCl3, 400 MHz) 0.9 (s, 9H), 0.1 (s, 6H) [File: DPS7-30-1] 
 
2.21 2-(tert-butyldimethylsilyloxy)-propene 
 
 
Dimethylformamide (17.2mL, 0.2M), acetone (252µL, 3.44mmol, 1 equivalent), and 
tertbutyldimethylsilyl chloride (1.069g, 2 equivalents) were added to an oven-dried round bottom 
flask equipped with a magnetic stir-bar. DBU was added (787µL, 1.5 equivalents) with vigorous 
stirring. The reaction ran under reflux for 2h then allowed to stir at room temperature for 24hrs. 
The product was diluted with pentane (20mL) and filtered through a pad of silica gel and further 
eluted with 100mL of pentane, then concentrated in vacuo. NMR showed no products, no 
reaction occurred. 
 
2-(tert-butyldimethylsilyloxy)-propene  
1H NMR (CDCl3, 400 MHz) 0.8 (s, 9H), 0.1 (s, 6H) [File: KW-48] 
 
 
 
O OTBDMSTIPSOTf, DBU
DMF 24h
80 81
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2.22 Synthesis of 2-triisopropylsilyloxypropene 
 
 
Dichloromethane (0.5M), distilled 2-cyclohexene-1-one (316µL, 4.30mmol, 1 
equivalent), Triisopropylsilyl trifluoromethanesulfonate (1.21mL, 1.05 equivalents), and 
Triethylamine (Et3N) (660µL, 1.1 equivalents) were added to an oven-dried round bottom flask 
equipped with a magnetic stir-bar. The reaction was vigorously stirred for 2h. Reaction was then 
diluted with pentane (50mL) and washed with water (2x25mL) and brine (1x25mL). The organic 
layer was dried with MgSO4, concentrated in vacuo, and filtered through a pad of silica gel and 
further eluted with 200mL of pentane. The solution was concentrated again in vacuo to yield 
product  (0.807g, 97% yield). 
 
2-triisopropylsilyloxypropene 
1H NMR (CDCl3, 400 MHz) 4 (s, 2H), 4 (s, 2H), 1.1 (s, 18H) [File: DPS8-8] 
 
2.23 1-triisopropylsilyloxystyrene 
 
 
Dichloromethane (0.5M), distilled acetophenone (243µL, 2.08mmol, 1 equivalent), and 
Triisopropylsilyl trifluoromethanesulfonate (587µL, 1.05 equivalents) were added to an oven-
dried round bottom flask equipped with a magnetic stir-bar. Triethylamine (Et3N) was then 
added (338µL, 1 equivalents) with vigorous stirring for 24h. The reaction was then diluted with 
pentane (25mL) and washed with water (3x25mL). The organic layer was dried with MgSO4, 
O OTIPSTIPSOTf, Et3N
CH2Cl2, rt
80 82
Ph
O TIPSOTf, Et3N
CH2Cl2, rt Ph
OTIPS
83 84
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concentrated in vacuo, and filtered through a pad of silica gel and further eluted with 100mL of 
pentane. The solution was concentrated again in vacuo to yield product. 
 
1-triisopropylsilyloxystyrene 
1H NMR (CDCl3, 400 MHz) 7.6 (d, 2H), 7.3 (t, 1H), 7.3 (t, 2H), 4.8 (s, 1H), 4.4 (s, 1H), 1.1 (s, 
18H) [File: DPS8-5-1/KW-98] 
 
2.24 (Tert-butyldimethylsilyloxy)-1,3-dicyclohexene 
 
 
 
Benzene (10mL, 0.5M), distilled 2-cyclohexene-1-one (503µL, 5.207mmol, 1 
equivalent), and tertbutyldimethylsilyl chloride (848mg, 1.05 equivalents) were added to an 
oven-dried round bottom flask equipped with a magnetic stir-bar. DBU was added (1.59mL, 2 
equivalents) with vigorous stirring under reflux for 24h. Reaction was cooled for 5 min then 
diluted with pentane (5mL), filtered through a pad of silica gel, and further eluted with (3x25mL) 
pentane. The product was then concentrated in vacuo under bath set at 35ºC and then under high 
vac with stir-bar to yield the product (1.0395g, 95% yield). 
 
 
1-(trimethylsilyloxy)cyclohexene 
1H NMR (CDCl3, 400 MHz) 5.8 (x,xH), 5.4 (x,xH), 5.1 (s, xH), 2.2 (m, xH), 0.9 (s, 9H), 0.1 (s, 
6H) [File: DPS7-16-1]* 
 
 
O OTBDMS
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2.3 Ozonolysis of silyl enol ethers 
2.31 3-(tert-butylsilyloxy)-1,2-dioxolane  
 
 
To an oven-dried 25mL round bottom flask equipped with a magnetic stir-bar was added 
silyl enol ether (50 mg, 0.316 mmol, 1 equivalent) in dichloromethane (3mL, 0.1M). Two drops 
of 0.1% Sudan Red indicator was added to the solution. The reaction was ozonolyzed until the 
red color disappeared. The reaction was stirred for another 5 min and then concentrated in vacuo 
to yield the product. This was repeated with variation in solvent molarity, SCFH O2 flow rate, 
and temperature, Table 4. Room temperature at 10 SCFH O2 and 0.1M solvent yielded the best 
results.  
 
 
3-(tert-butylsilyloxy)-1,2-dioxolane  
1H NMR (CDCl3, 400 MHz) 8.1 (s, 1H), 4.2 (t of d, 1H), 4.0 (t of d, 1H), 2.7 (t of d, 1H), 2.55 (t 
of d, 1H), 0.9 (s, 9H), 0.4 (s, 6H) [File: KW-60] 
 
2.32 3-methyl-3-(trimethylsilyloxy)-1,2-dioxolane 
 
 
To an oven-dried 25mL round bottom flask equipped with a magnetic stir-bar was added 
silyl enol ether in pentane (0.1M). Two drops of 0.1% Sudan Red indicator was added to the 
solution. The solution was cooled to -65ºC and then ozonolyzed at 10 SCFH O2 until the red 
OTBDMS
O OO3, CH2Cl2
OTBDMSrt H1 OTBDMS
O
+H2
H
64 87 88
OTIPS O OO3, Pentane
OTIPS-65ºC OTIPS
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color disappeared. The reaction was stirred for another 5 min and then concentrated in vacuo to 
yield the product.  
 
3-methyl-3-(trimethylsilyloxy)-1,2-dioxolane  
1H NMR (CDCl3, 400 MHz) 4.3 (t of d, 1H), 4.1 (t of d, 1H), 2.7 (t of d, 1H), 2.6 (t of d, 1H), 1.7 
(s, 1H), 1.6 (s, 1H), 0.9 (s, 9H), 0.4 (s, 6H) [File: DPS8-16-10]  
 
2.33 3,4-diethyl-5-(tert-butyldimethylsilyloxy)-1,2-dioxolane 
 
 
 
To an oven-dried 25mL round bottom flask equipped with a magnetic stir-bar was added 
silyl enol ether 70/71 in pentane (0.1M). Two drops of 0.1% Sudan Red indicator was added to 
the solution. The solution was cooled to -65ºC and then ozonolyzed at 10 SCFH O2 until the red 
color disappeared. The reaction was stirred for another 5 min and then concentrated in vacuo. 
NMR showed formation of polymers. 
 
3,4-diethyl-5-(tert-butyldimethylsilyloxy)-1,2-dioxolane 
1H NMR (CDCl3, 400 MHz) 5.5-5 (polymer). [File:DPS8-166-2] 
 
 
 
 
 
OTBDMS O3, CH2Cl2
-65ºC H OTBDMS
O
+
O O
OTBDMS
70/71 91 92
	  	  
	  
26	  
2.4 Further reaction of ozonolyzed silyl enol ether products 
2.41 Ring opening of 3-silyloxy-1,2-dioxolane 
  
 
To an oven-dried 50mL RBF equipped with a stir bar was charged 0.0447g of 3-silyloxy-
1,2-dioxolane and methanol (4 mL). The reaction was then left to stir for 48h at room 
temperature. A catalytic amount of p-toluenesulfonic acid was added to ensure the reaction went 
to completion. A column of 1:1 pentane:ethyl acetate was used to filter the product. The filtrate 
was then concentrated in vacuo under bath at 52ºC to yield a colorless liquid.  
 
(1,1-dimethylethyl) dimethylsilyl ester-3-hydroxypropanoic acid 
1H NMR (CDCl3, 400 MHz) 3.85 (s, 1H), 3.7 (s, 3H), [File: KW-78/DPS7-90-1]* 
 
 
 2.42 Hydrogenation of 3-methyl-3-silyloxy-1,2-dioxalane 
 
 
To an oven dried 25mL RBF equipped with a stir bar was charged 0.0300g of 3-silyloxy-
1,2-dioxolane, EtoAc (5mL), and catalytic amount of Pd/C. The reaction was then left to stir for 
48h under H2 atmosphere at room temperature. The product was filtered through a cotton wool 
plug with celite and then concentrated in vacuo.  
 
3-methyl-3-silyloxy-1,2-dioxalane  
1H NMR (CDCl3, 400 MHz) 2.0 (s, 3H), 1.1 (s, 18H) [File: DPS8-9-1]* 
*Analysis of NMR spectrums may be incorrectly interpreted  
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OTBDMS HO OTBDMS
O
rt, 48h
CH3OH, H+ HO OCH3
O
+
87 93 94
O O
OTIPS HO
H2, Pd/C
EtOAc, rt, 48h
OH
OTIPS
89 95
	  	  
	  
27	  
3. Results and Discussion  
 Silyl enol ethers are versatile compounds that can undergo a variety of reactions. Their 
synthesis from aldehydes, ketones, and esters is relatively straightforward, and can often be 
achieved without the need for air- or moisture-sensitive conditions. Most examples of the 
ozonolysis of silyl enol ethers in the literature lead to the expected cleavage products, with only 
one recent literature example that demonstrated that dioxolane products can be formed under 
certain conditions.13 Since we required an array of silyl enol ethers from which to investigate 
their ozonolysis reactions we began by seeking new, milder approaches to the synthesis of these 
important molecules.  
 
3.1 Synthesis of Silyl Enol Ethers from aldehydes 
 Casey and Culshaw initially investigated the ozonolysis of enol ethers and then 
investigated silyl enol ethers as potential carbonyl oxide precursors. They prepared the silyl enol 
ether of citronellal by using LDA and the silylating agent TBDMSCl, Figure 15.17 
 
Figure 15. Synthesis of 3,7-dimethyl-1-(tert-butyldimethylsilyloxy)-1,6-octadiene with LDA. 
Since LDA is a very strong base, and is moisture and air-sensitive, it requires that the reaction be 
carried out under nitrogen. In addition, isolation of the trans-product gave a very low yield of 
24%, which they attributed to the volatility of the product during workup.  
 We began by investigating whether lithium diisopropylamide (LDA) could be replaced 
with another strong base that was not moisture and air-sensitive. 1,8-Diazabicycloundec-7-ene 
(DBU) is one of the strongest organic bases known, with a pka of 12 in its protonated form, does 
O
OTBDMSTBDMSCL, LDA
HMPA, THF
H
OTBDMS
+
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not require air- or moisture-sensitive conditions.19 DBU has been used in other silyl enol 
synthesis reaction, but with a more acidic compound, Figure 16.20  
 
 
Figure 16. Use of DBU to Synthesize Silyl Enol Ether 99 from β-keto Ester. 
Due to the high acidity of the β-keto ester, we were skeptical the DBU would work on less acidic 
compounds. Additionally, the use of benzene and refluxing were non-ideal conditions and were 
excluded for our first trial runs.   
We began by investigating the role of solvents on the reaction, using pentane and 
dimethylformamide (DMF) in order to study the role of solvent polarity on the rate of reaction, 
Table 1.  
 
 
 
 
Table 1. Synthesis of 3,7-dimethyl-1-(tert-butyldimethylsilyloxy)-1,6-octadiene in Various 
Solvents Systems 
  In both cases the use of DBU proved to be successful in synthesizing 3,7-dimethyl-1-(tert-
butyldimethylsilyloxy)-1,6-octadiene from citronellal. Even though pentane was non-polar, we 
were surprised to find that the reaction almost went to completion in about 24 hours, yielding 
89% of the product. While the reaction was stirring, it was noted that a white salt precipitated 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  19	  Ripin, D.H; Evans, D.A.  pKa’s of Nitrogen Acids. 
http://mysite.science.uottawa.ca/abeauche/chm4328/chm4328lecture2-evanspka_tables.pdf (acessed Feburary 7, 
2015).	  20	  Aizpurua, J.M; Palomo, C. 1,8-Diazabicyclo[5.4.0]undec-7-3n3 (DBU): An Effective Base for The Introduction 
of tButyldimethylsilyl Group In Organic Compounds Tetrahedron Letters. 1985, 26, 475-476.	  	  
Entry Solvent Time (h) Yield (%) 
1 Pentane 24 89 
2 DMF 3 92 
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from solution. This led us to believe that the reaction was proceeding due to Le Chatelier’s 
principle, Figure 17.  
 
 
 
 
Figure 17: Le Chatelier’s Principle in Synthesis of Silyl Enol eEhers 
As the silyl enol ether is deprotonated by DBU, the enolate reacts with the TBDMSCl to 
generate the silyl enol ether and DBUHCl salt. This salt is insoluble in solution, driving the 
equilibrium to the right, forcing the reaction to completion. By switching to the polar, aprotic 
solvent DMF, the rate of the reaction increased dramatically. This was due to all of the reactants 
being soluble in this solvent as well as stabilization of the intermediate since the reaction is 
proceeding under SN2 conditions.  
In order to further investigate the, scope of the reaction, various aldehydes were explored, 
Table 2.  
 
Table 2. Comparison of Synthesizing Silyl Enol Ethers from Aldehydes in DMF vs. Pentane 
Solvent.  
 
In all cases, DMF proved to be the better solvent, reducing the reaction time significantly while 
also increasing the yield of the product. In comparing the first two entries, synthesis of silyl enol 
Entry n R Solvent Time (h) Yield (%) 
1 0 CH3 Pentane 24 62 
2 0 CH3 DMF 4 85 
3 1 CH3 Pentane 48 48 
4 1 CH3 DMF 4 82 
5 2 CH3 Pentane 24 92 
6 2 CH3 DMF 2 99 
7 2 Ph Pentane 24 83 
8 2 Ph DMF - - 
9 1 (CH3)2C=CH(CH2)2CH(CH3) Pentane 24 89 
10 1 (CH3)2C=CH(CH2)2CH(CH3) DMF 3 92 
R CHO
OTBDMS
n
n
TBDMSCl, DBU
solvent, rt
R
O
H DBU
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ether from acetaldehyde in pentane, entry 1, took 24h with an overall 62% yield, while the use of 
DMF solvent, entry 2, took only 4h and gave a yield of 85%. Entries 3,4 and 9,10, demonstrate 
this trend. Entries 5 and 8 are still in progress. 
In addition to both DMF and pentane providing milder and less toxic conditions, they 
also allowed for easier purification of the products. Since pentane has a low boiling point, 
evaporation of the solvent is very straightforward. DMF is a much higher boiling solvent, but it 
is readily removed by extracting the non-polar silyl enol ether into pentane and then washing the 
resulting organic layer multiple times with water. We next investigated whether this 
methodology could be applied to the synthesis of silyl enol ethers from ketones. 
 
3.2 Synthesis of Silyl Enol Ethers from Ketones 
We began by attempting to synthesize silyl enol ethers from ketones using our optimized 
reaction conditions, Figure 18, in the hope that DBU would still be a strong enough base to 
remove the α-hydrogen. 
 
 
 
 
 
 
Figure 18. Synthesis of Silyl Enol Ether from Acetone and Cyclohexanone 
Unfortunately, in each case, no reaction was observed when using acetone or cyclohexanone. We 
varied the concentrations of TBDMSCl, DBU, and DMF and increased the temperature at which 
No Reaction 
No Reaction 
O OTBDMS
TBDMSCl, DBU
Pentane 24h, rt
78 79
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the reaction was run, but in each case no product was recovered. It is likely that the reaction did 
not proceed due to the low acidity of the ketones.  
We were successful using another ketone, 2-cyclohexene-1-one, since this was expected 
to be more acidic since the product would be conjugated, as shown in Figure 19.  
 
 
 
Figure 19. Synthesis of (Tert-butyldimethylsilyloxy)-1,3-dicyclohexene 
Some optimization of the conditions affording us the thermodynamic product at 95% yields. 
However, the deprotonated hydrogen was already more acidic than that of a normal ketones due 
to the stable enolate intermediate and formation of a conjugated product. As the functionality 
around the carbonyl increases, the acidity of the alpha-hydrogen atoms decreases. Figure 20.21  
 
 
 
 
 
 
 
 
 
 
Figure 20. Acidity of Alpha Hydrogens 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  21	  Dr. Myer’s Organic Chemistry Courses at Ohio Northern University: pKa Table. http://www2.onu.edu/~b-
myers/organic/2511_Files/pKa%20table.pdf (accessed February 1, 2013). 	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The acidity of ketones is 1000 times less than aldehydes, with esters being 10,000-100,000 times 
less than ketones. Deprotonation of each compound leads to the formation of an enolate. The 
ability of the anion to act as a base varies between compounds depending on how much the 
charge can be delocalized and the electronegativity of the functional group bonded to the 
carbonyl. The more the negative charge can be spread across the compound, the more stable an 
ion becomes and more acidic the compound is. However, when you add an alkyl group, as such 
with a ketone, you destabilize the enolate through induction because alkyl groups are weakly 
electron donating, making the negative charge more localized and therefore less stable. With an 
ester, deprotonation results in a resonance structure with two negative charges and one positive 
charge, further contributing to the destabilization of the enolate, Figure 21. 
 
 
 
 
 
Figure 21. Resonance Structure of Ester Enolate 
 Since our optimized conditions for synthesizing silyl enol ethers from ketones were 
unsuccessful due to their decreased acidity relative to aldehydes, we pursued using a more 
reactive silylating reagent such as TIPSOTf, shown in Figure 22.  
 
 
 
Figure 22. Comparison of Leaving Groups  
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As seen in Figure 22, the leaving group of TBDMSCl is chlorine. While chlorine is a good 
leaving group, the trifluoromethanesulfonate on TIPSOTf has several resonance structures, 
increasing its stability and making it a better leaving group than chloride by a factor of about 
1000.  
Literature searches showed that previous synthesis of silyl enol ethers from ketones used 
TIPSOTf with tirethylamine (Et3N) in CH2Cl2.22 As a result; we replaced DBU with Et3N and 
changed our solvent system to dicloromethane (CH2Cl2). Et3N is a weaker and bulkier base, 
preventing it from acting as a nucleophile. The synthesis of two ketones using TIPSOTf and 
Et3N were carried out, Table 3. 
 
 
 
 
 
Table 3. Synthesis of Silyl enol Ethers from Ketones 
The use of TIPSOTf with Et3N allowed for a successful synthesis of the thermodynamic silyl 
enol ethers from ketones. This new approach proved successful in both reactions, and we are 
investigating other ketones to extend the scope of synthesizing silyl enol ethers from ketones. 
Entry 2 has yet to be optimized. 
 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  22	  Racine, S., Nanteuil, R., Serrano, E., and Waser, J. Synthesis of (Carbo)nucleoside Analogues by [3+2] 
Annulation of Aminocyclopropanes. Angew. Chem. Int. ed. 2014, 53, 88484-8487.	  
Entry R1 R2 Time (h) Yield (%) 
1 CH3 CH3 2 97 
2 Ph CH3 24 - 
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3.2 Ozonolysis of Silyl Enol Ethers 
In planning the ozonolysis of our array of silyl enol ethers, we expected that the reaction 
would undergo a similar mechanism to that reported by Keul et al. and French. We began by 
repeating the work of French and ozonolyzing the simplest silyl enol ether, (tert-
butyldimethylsilyloxy)ethene 64, at room temperature, Figure 23. 
 
 
Figure 23. A) Ozonolsis and B) NMR Analysis of (Tert-butyldimethylsilyloxy)ethane 64. 
Analysis of the 1H NMR data showed that the 3-silyloxy-1,2-dioxolane was formed in good yield 
along with the expected formate silyl ester byproduct. In addition, the 1H NMR spectrum also 
revealed polymeric ozonide product between 5.0 – 5.5 ppm. Based on the mechanism shown in 
Figure 19, and assuming that the cycloreversion occurs quantitatively, we postulated that an ideal 
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ratio of 1:1 of the signals originating from the formate silyl ester, at about 4.2 ppm, and the most 
downfield hydrogen of the product, appearing at about 8.15 ppm, could help us determine the 
ideal reaction conditions. This approach is preferable since isolation of the products is not 
advisable due to their peroxidic nature.   
 We chose to look at temperature, ozone flow rate, and solvent in order to determine the 
ideal conditions, Table 4.  
 
 
 
 
 
 
Table 4. Summary of (Tert-butyldimethylsilyloxy)ethene 64 under Various Ozonolysis 
Conditions.  
Since the reaction proceeds with the carbonyl oxide recombining with the starting silyl enol 
ether, it is only ever possible to acquire a 50% yield. As such, in optimal conditions, the resulting 
mixture of products will be both the 1,2-dioxalane and remaining unreacted silylformate ester, in 
a 1:1 ratio. Entry 1 shows the typical low-temperature ozonolysis conditions at -60ºC. This 
reaction was run in 0.1M solvent and 10 SCFH O2, and these conditions gave peak ratios of the 
hydrogen on the 3-silyoxy-1,2-dioxolane product (H2) and the silyformate ester hydrogen (H1)  
of 1.00:0.26, respectively. As we increased the temperature, the ratio of the two products 
changed to 1.00:0.40. In entries 4 and 5 we varied the flow rate of O2 that was administered and 
began acquiring ratios that ran closer to 1.00:0.50. It was finally determined in entry 6 that at 
Entry Temp. ºC SCFH O2 CH2Cl2 [M] NMR Peak Ratio [H2:H1] 
1 -60 10 0.1 [0.26:1.00] 
2 0 10 0.1 [0.33:1.00] 
3 rt 10 0.05 [0.35:1.00] 
4 rt 2 0.1 [0.40:1.00] 
5 rt 5 0.1 [0.43:1.00] 
6 rt 10 0.1 [0.84:1.00] 
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solvent concentrations of 0.1M, room temperature, and SCFH O2 levels at 10, gave close to the 
ideal 1:1 ratio, with little polymer formation apparent in the 1H NMR spectrum.  
With ideal reaction conditions in place we then studied the reaction of monosubstituted 
silyl enol ethers, Figure 24. 
 
 
Figure 24. Predicted Products from Ozonolysis of Monosubstituted Silyl Enol Ether 
Unfortunately ozonolysis of silyl enol ethers with nonterminal alkenes formed polymeric 
products. While the first step of the ozonolysis mechanism is believed to quantitatively occur, 
there are a number of routes the reaction can undergo once the carbonyl oxide is formed, leading 
to a variety of formation of polymers.	  It is possible that there could be a lot of tetroxane 113 
intermediate since the carbonyl oxide is more stable through induction of the extra alkyl group, 
or that the carbonyl oxide is cleaving in a different way that forms a carbonyl oxide with the silyl 
enol ether 115 that could recombine with the aldehyde 114 that would have also been formed, 
Figure 25. 
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Figure 25. Proposed Mechanisms for Polymer Formation during Ozonolysis of Monosubstituted 
Silyl Enol Ethers. 
Further investigation of the ozonolysis of ketone derived silyl enol ethers was then 
explored, Figure 26.  
 
 
Figure 26. Ozonolysis of 2-triisopropylsilyloxypropene 82 to Produce 3-methyl-3-silyloxy-1,2-
dioxolane 89.  
Similarly to the mechanism discussed in Figure 13, ozonolysis of the silyl enol ether 82 would 
undergo the same process. Formation of the carbonyl oxide would lead to a [3+2]-cycloaddition 
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with the starting material 82, forming the 1,2-dioxolane product 89. Optimization of ozonolysis 
of silylated ketones is still in progress, but the NMR spectra do show the expected product. 
To the best of our knowledge, we have demonstrated for the first time that 3-methyl-3-
silyloxy-1,2-dioxolanes can be generated from the ozonolysis of suitable silyl enol ethers. These 
(3-alkyl)-3-silyloxy-1,2-dioxolanes can undergo further reactions to generate a range of new 
building blocks for possible pharmaceutical/drug applications. 
 
3.3 Further Reactions of 3-silyloxy-1,2-dioxolane products. 
 1,2-dioxolanes can be worked up in various ways to produce a range of functional groups	  that	  can	  be	  used	  as	  important	  pharmaceutical	  building	  blocks. Previous work in our lab has 
shown that ring-opening can be achieved by simply stirring similar 1,2-dioxolanes in ethanol. 
Keul, et al. ring-opened their 3-alkoxy-1,2-dioxolane product through the addition of strong acid 
and ethanol. Thus, our first attempt to ring open 3-siloxy-1,2-dioxolane began with the addition 
of methanol, Figure 27. 
 
 
 
Figure 27. Ring-Opening of 3-siloxy-1,2-dioxoalne 87 to Produce 3-(Tert-
butyldimethylsilyloxy)ester propanol and Methyl-3-hydroxypropanoate 93.  
This resulted in the synthesis of 3-(Tert-butyldimethylsilyloxy)ester propanol and Methyl-3-
hydroxypropanoate. Analysis of the crude 1H NMR data showed the expected triplets as part of 
the product, and the absence of the 3-siloxy-1,2-dioxolane signals, indicated that 3-siloxy-1,2-
dioxolane was successfully ring-opened. 
O O
OTBDMS HO OTBDMS
O
rt, 48h
CH3OH, H+ HO OCH3
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+
87 93 94
	  	  
	  
39	  
Preliminary hydrogenation experiments were also performed on 3-silyoxy-1,2-dioxolanes 
to produce 1,3-diols, Figure 28.  
 
 
 
Figure 28. Hydrogenation of 3-silyloxy-1,2-dioxolane 89  
The use of palladium on carbon with hydrogen afforded the 1,3-diol 95 product by 1H NMR. 
Isolation of the product and quantitative analysis has yet to be performed.  
 
4. Conclusion 
 Silyl enol ethers and 1,2-dioxolanes have chemical and biological significance, and their 
synthesis can play a pivotal role in the synthesis of physiologically interesting compounds. We 
began by examining the preparation of silyl enol ethers from aldehydes, ketones, and esters. 
Synthesis of the silyl enol ethers from aldehydes and ketones in both pentane and DMF resulted 
in high yield by 1H NMR spectroscopy. However, these conditions were not ideal for ketones 
due to the decreased acidity in relation to aldehydes. Ketones and esters required a more reactive 
silylating agent and Et3N as the solvent due to their significantly lower acidity. The use of Et3N 
and TIPSOTf in CH2Cl2 gave high yields. Purification of the silyl enol ethers from aldehydes 
ketones, and esters were all straightforward and resulted in either evaporating the solvent, 
washing with water, and/or filtering through a plug of silica, depending on the properties of the 
solvent used. NMR spectra of the purified products that gave a mixture of isomers were taken to 
determine yields and ratios of cis- and trans-products. In comparison to the difficult conditions 
found in the literature, the synthesis of silyl enol ethers proved to be easily synthesized from 
O O
OTIPS HO
H2, Pd/C
EtOAc, rt, 48h
OH
OTIPS
89 95
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aldehydes and ketones under mild conditions and with a straightforward workup procedure in 
good to excellent yields.  
 Ozonolysis of unsubstituted and mono-substituted silyl enol ethers gave excellent to 
moderate yields of the expected 3-silyoxy-1,2-dioxolane. Optimization of ozonolysis was 
determined by comparison of hydrogen ratios of the 1,2-dioxolane product and the unreacted 
silyl-formate ester via 1H NMR spectroscopy. Ozonoylsis of silyl enol ethers with alkyl 
substitution at the 2-position led to predominately polymeric product seen at 5.0-5.5 ppm. 
However, ozonolysis of 3,7-dimethyl-1-(tert-butyldimethylsilyloxy)-1,6-octadiene 76 and 77 
showed that di-substituted silyl enol ethers do undergo the expected cleavage of the alkene. 
Finally, we investigated the reactions of these dioxolane products and found that they do 
undergo rearrangement with the addition of methanol and reduction with the addition of 
hydrogen and palladium on carbon. While both resulted in the expected peak formation on the 1H 
NMR spectroscopies, optimization and quantitative results are still in progress. 
 
5. Future Work 
 Our results have prompted several possible pathways for future research. First, expansion 
of silyl enol ethers synthesized from ketones is needed and ozonolysis of their respective silyl 
enol ethers. Second, optimization of ozonolysis of silyl enol ethers with alkyl substitution at the 
2-position would be beneficial to look into since the formation of 1,2-dioxolanes is currently 
limited to a few cases of mono- and unsubstituted silyl enol ethers. Lastly, further exploring the 
various workup reactions of 1,2-dioxolanes that could lead to the formation of novel compounds 
and building blocks for future target oriented synthesis of medicinal drugs.  
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Appendix of 1H NMR Spectra 
 
 
(Tert-butyldimethylsilyloxy)ethene  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
O
H OTBDMS
TBDMSCl, DBU
Pentane 24h, rt
63 64
	  	  
	  
2	  
(Tert-butyldimethylsilyloxy)ethene  
 
 
 
O
H OTBDMS
TBDMSCl, DBU
DMF 4h, rt
63 64
	  	  
	  
3	  
(Triisopropylsilysilyloxy)ethene  
O
H OTIPS
TIPSCl, DBU
DMF 1h, rt
63 65
	  	  
	  
4	  
(Tert-butyldimethylsilyloxy)propene 
O
H OTBDMS
TBDMSCl, DBU
Pentane 48h, rt OTBDMS
+
66 67 68
	  	  
	  
5	  
(Tert-butyldimethylsilyloxy)propene 
 
O
H OTBDMS
TBDMSCl, DBU
DMF 4h, rt OTBDMS
+
66 67 68
	  	  
	  
6	  
(Tert-butyldimethylsilyloxy)butylene 
O
H OTBDMSTBDMSCl, DBUDMF, 2h, rt OTBDMS
+
69 70 71
	  	  
	  
7	  
3-phenyl(tert-butyldimethylsilyloxy)propen 
O
H OTBDMS
TBDMSCl, DBU
Pentane 24h, rt OTBDMS+
72 73 74
	  	  
	  
8	  
3,7-dimethyl-1-(tert-butyldimethylsilyloxy)-1,6-octadiene 
O
OTBDMSTBDMSCL, DBU
Pentane 24h, rt
H
OTBDMS
+
75 76 77
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3,7-dimethyl-1-(tert-butyldimethylsilyloxy)-1,6-octadiene 
 
 
 
O
OTBDMSTBDMSCL, DBU
DMF 3h, rt
H
OTBDMS
+
75 76 77
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1-(tert-butyldimethylsilyloxy)-cyclohexene – NO REACTION  
O OTBDMS
TBDMSCl, DBU
Pentane 24h, rt
78 79
	  	  
	  
11	  
2-(tert-butyldimethylsilyloxy)-propene 
O OTBDMSTIPSOTf, DBU
DMF 24h
80 81
	  	  
	  
12	  
2-triisopropylsilyloxypropene 
O OTIPSTIPSOTf, Et3N
CH2Cl2, rt
80 82
	  	  
	  
13	  
1-triisopropylsilyloxystyrene 
Ph
O TIPSOTf, Et3N
CH2Cl2, rt Ph
OTIPS
83 84
	  	  
	  
14	  
(Tert-butyldimethylsilyloxy)-1,3-dicyclohexene 
O OTBDMS
TBDMSCl, DBU
Benzene 24h, 50ºC
85 86
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3-(tert-butylsilyloxy)-1,2-dioxolane  
OTBDMS
O OO3, CH2Cl2
OTBDMSrt H1 OTBDMS
O
+H2
H
64 87 88
	  	  
	  
16	  
3-methyl-3-(trimethylsilyloxy)-1,2-dioxolane 
OTIPS O OO3, Pentane
OTIPS-65ºC OTIPS
O
+
82 89 90
	  	  
	  
17	  
3,4-diethyl-5-(tert-butyldimethylsilyloxy)-1,2-dioxolane   
OTBDMS O3, CH2Cl2
-65ºC H OTBDMS
O
+
O O
OTBDMS
70/71 91 92
Polymers 
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3-silyloxy-1,2-dioxolane 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
O O
OTBDMS HO OTBDMS
O
rt, 48h
CH3OH, H+ HO OCH3
O
+
87 91 92
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 3-methyl-3-silyloxy-1,2-dioxalane 
 
 
 
O O
OTIPS HO
H2, Pd/C
EtOAc, rt, 48h
OH
OTIPS
89 93
